Abstract. Remediation strategies employed for mitigation of low-pH, metal-sulfate drainage (i.e., acid rock drainage, ARD) may include passive treatment systems. While shown effective for neutralization of acid and removal of major ions (e.g., iron, aluminum, and manganese), trace element removal during acid neutralization in passive systems is rarely investigated. Therefore, in this presentation, we will focus on the fate of trace metals in one common type of passive treatment system, the vertical flow wetland (VFW). Our experimental VFW contained a limestone buffered organic substrate (LBOS) and received low pH (<3), ferric iron-dominated ARD for two years. During this time, trace elements (As, Cd, Cr, Cu, U, Co, Ni, and Zn) were removed along a pH gradient controlled by a series of reaction zones that developed above a dynamic limestone dissolution front. Therefore, for the practical purpose of implementing LBOS to treat low pH, ferric iron-dominated ARD, high trace element removal efficiency can be expected as long as the limestone dissolution front does not pass completely through the substrate. With the exception of uranium, trace metal attenuation largely occurred above the limestone dissolution front in the transitional and oxide reaction zones. Moreover, trace metal removal exhibited a strong dependence on pH. Based largely on increasing pH with depth, trace metal removal within the LBOS follows the sequence:
Introduction
Passive treatment technologies, including constructed treatment wetlands, are widely used for the remediation of acid rock drainage (ARD) related to coal mining in the eastern United
States. Because pH, total iron, total manganese, and total suspended solids are generally the only constituents regulated for ARD originating from coal mining activities (U.S. Code of Federal Regulations, 1991) , evaluations of most passive treatment systems focus on the neutralization of acid and acid-generating contaminants, and the long-term retention of metals (e.g., iron and manganese). The ultimate fate of trace contaminants is rarely investigated despite the fact that elevated levels of some trace metals are commonly encountered in coal-related ARD (e.g., As, Cd, Co, Cr, Cu, Ni, Zn; Hyman and Watzlaf, 1997) . The focus of this paper, therefore, is the fate of trace metals in low pH (<3) ferric iron-dominated ARD treated by one common type of passive system, the vertical flow wetland (VFW).
In VFWs, water flows downward by gravity, usually from a pond, through organic matter and limestone before flowing out through a drainage system. The limestone may be mixed with organic matter in a single layer (limestone buffered organic substrate or LBOS, Thomas, 2002) or the VFW may be constructed in distinct layers consisting of organic matter overlying limestone (Kepler and McCleary, 1994) . When VFWs containing LBOS are used to treat low pH (<3), ferric iron-dominated ARD, acid neutralization is ultimately controlled by limestone dissolution along a fairly narrow (2 -5 cm) front that migrates through the substrate over time (Watzlaf, 1997; Thomas, 2002) . Below the dissolution front, where pore water is buffered by limestone, pH is >6.5 and dissolved metal content approximates that of the final effluent.
Within and above the dissolution front, pH and metal (i.e., iron and aluminum) mobility is ultimately controlled by a series of mineral dissolution-precipitation reactions that involves carbonates, aluminum hydroxysulfates, and iron oxyhydroxides (Blowes and Ptacek, 1994; Thomas, 2002) . With continued influx of ARD through the LBOS, the dissolution front will migrate through LBOS and pore water pH and metal concentration will eventually approach that of the influent. Thomas (2002) identified a series of three mineralogical reaction zones that characterize the reaction sequence through time: the oxide, transitional, and sulfide zones (Fig. 1) . Thomas (2002) described the paragenetic sequence for the development of the three reaction zones, which can be summarized as follows. The first reaction zone to develop is the sulfide zone. The Sulfide zone is characterized by ubiquitous iron sulfides (e.g., pyrite), pristine limestone, and pore water near calcite saturation; it develops below the dissolution front where pore water pH is > 6.5. The sulfide zone is dynamic, "rolling" ahead of the limestone dissolution front as it advances. However, the sulfide zone is ephemeral in nature. At any fixed position within the sulfide zone, with the advancement of the limestone dissolution front, the sulfide zone is overprinted by a transitional zone. The transitional zone, which is defined by partially dissolved limestone and abundant aluminum and calcium hydroxysulfates, demarcates the advancing limits where limestone dissolution occurs. The pore water pH of the transitional zone is held steady between 3.8 and 4.6 by the dissolution of limestone and the precipitation of aluminum and calcium hydroxysulfates. Concurrent with the drop in pH, acid volatile sulfides of the sulfide zone are solubilized and leached while less reactive sulfides, such as pyrite remains.
Similar to the sulfide zone, the transitional zone is also both dynamic and ephemeral, advancing with the limestone dissolution front while being overprinted by an overlying oxide zone.
Encroachment of the oxide zone, which contains abundant iron oxyhydroxides and only minor aluminum hydroxysulfate in the lower portions, occurs as limestone is consumed completely within the transitional zone. Without the buffering capacity of limestone, pore water pH in the upper transitional -lower oxide zones drops and previously precipitated aluminum and calcium hydroxysulfates dissolve. Thus, the pore water pH of the oxide zone is held at a pH between the influent value and 3.8 by the dissolution of aluminum and calcium hydroxysulfates and the precipitation of iron oxyhydroxides. As part of the overprinting process, pyrite generated in the sulfide zone is dissolved in the oxide zone by ferric iron oxidation of the sulfide moeity.
Moreover, aluminum and calcium hydroxysulfates dissolved in the oxide zone are reprecipitated in the advancing transitional zone (Thomas, 2002) .
Thus, the oxide zone represents the final stage of LBOS evolution; all of the original limestone, as well as secondary aluminum and calcium hydroxysulfates and iron sulfides, have been removed. Previous studies (Watzlaf, 1997; Thomas, 2002) have suggested that, given enough time, the limestone dissolution front will eventually migrate completely through the organic layer and the entire column of substrate will eventually experience the breadth of reactions that culminate in the conversion of the LBOS to "oxide zone" material. Hence, trace metals retained in the oxide zone may be sequestered permanently, whereas trace metals removed in the transitional and sulfide zones, but solubilized in the oxide zone may represent transient retention and result in delayed release from the VFW. Based on this model, determining the ultimate trace element retaining capacity of the LBOS should be as simple as determining the total trace element content sequestered in the oxide zone.
The primary objectives of this study were: (1) to characterize the vertical distribution of As, Cr, Cu, Co, Ni, U, and Zn dissolved in pore water and retained as solids within the three reaction zones of LBOS treating low pH, ferric iron-dominated ARD, (2) to determine the key geochemical processes controlling the development of the observed trace metal profiles in the pore waters and LBOS relative to the three reaction zones, and (3) to predict the long-term sequestration of trace elements in the LBOS.
Materials and Methods
The experimental set-up employed in this study was described previously (Thomas et al., 1999; Thomas, 2002 The ARD was delivered continuously at an average rate of ~20 mL·min -1 to the top of each VFW tank for two years, starting in late December 1998 and ending in December 2000 (Thomas, 2002) . Effluent drained from the bottom of the tanks through standpipes such that a 15-cm column of ARD was maintained over the LBOS. Influent ARD had an average pH of 2.4 and was dominated by ferric iron (96% Fe 3+ ; 142 mg·L -1 total) and aluminum (84 mg·L -1 ) as primary contaminants (Thomas, 2002) . The final overall average surface-area acidity loading for all eight tanks was 58 g·d -1 ·m -2 with a range between tank averages of 44 to 76 g·d -1 ·m -2 (Thomas, 2002) . For any individual tank occasional high flow rates resulted in acidity loading rates as high as 975 g·d -1 ·m -2 without any significant reduction in the effluent alkalinity. 
Water Sampling and Analysis
Acid rock drainage was flushed through the VFW tanks for ~4 months prior to the onset of sampling. A single influent water sample was taken (weekly) from a manifold distributing water to the eight tanks and effluent water samples were taken from each tank from April 1999 to December 2000. To facilitate this study, trace element data were collected as splits from influent, effluent, and pore water samples that were previously characterized for iron, aluminum, and calcium (Thomas, 2002) . Fine-scale pore water samples were collected using a vacuumoperated pore-water extractor (i.e., swamper, Winger and Lasier, 1991) and acrylic pore-water diffusion samplers (i.e., peepers, Hesslein, 1976; Carignan, 1984; Carignan et al., 1985) .
Pore Water Sampling. Swampers were basically tubes with a filter (e.g., air stone) at one end and connected to a vacuum flask at the other end. The filter-end of the tubing was placed in the soil and a pore water sample was drawn into the flask via a vacuum pump (see Winger and Lasier, 1991; Thomas, 2002 for details). Swamper samples were taken June 2000 from two different VFW tanks (30A and 36A). Three different areas (-1, -2, -3), approximately 120° apart, were sampled in each tank. At each sampling area, pore water was drawn at three depth horizons below the substrate-water interface (6-, 15-, and 23-cm; Fig. 2b ). Approximately 100 mL of pore water was recovered at each horizon. Although the swamper sampling depths originally targeted three reaction zones, the final swamper data represented only pore waters of the middle oxide (6 cm) and sulfide (15 and 23 cm) zones. A single sample of the water column above the LBOS was taken with a syringe to represent influent ARD at the time of sampling. In addition, influent ARD from the manifold and effluent water from the respective tanks were collected the day prior to swamper sampling (these data are also plotted on the pore graphs, see below).
The peeper was a made using an acrylic (Plexiglas) plate with wells drilled in it (3cm diameter). The wells were filled with deionized water (~3 mL), covered with a 10 nm polycarbonate dialysis membrane, and secured by another matching plate containing 3 cm holes (Hesslein, 1976; Carignan, 1984; Carignan et al., 1985) . The peeper contained a total of seven well horizons that provided a detailed pore water profile of the LBOS. Peeper pore water was collected from one tank (44A) between May 21 and June 6, 2000. The peeper was inserted in the LBOS such that the first two well horizons were situated in the water column above the LBOS (-7.5 and -2.5 cm) with the bottom edge of the second well horizon positioned at the sediment-water interface (Fig. 2b) . The remaining five well horizons provided a pore water profile of the LBOS at 2.5, 7.5, 12.5, 17.5, and 22.5 cm depth. The peeper was left in the LBOS for sixteen days. During this time, the pore water equilibrated with the deionized water through osmosis (Carignan, 1984; Carignan et al., 1985) . For the peeper profile, Thomas (2002) determined that the first two well horizons (-7.5 and -2.5 cm) sampled the ARD water column overlying the LBOS. The third well horizon (2.5 cm), which was the first horizon in the substrate, sampled pore waters of the upper portion of the oxide zone. The fourth (7.5 cm) and fifth (12.5 cm) peeper sampling horizons represented the interface of the oxide and transitional zones and the bottom of the transitional zone, respectively, and the lower most two peeper well horizons (17.5 and 22.5 cm) sampled pore waters of the sulfide zone. In addition to the peeper samples, influent ARD from the manifold and effluent water from tank 44A was collected the day prior to peeper insertion and then weekly during the equilibration period (three samples total, which are also plotted on the pore graphs, see below).
Water Analysis. All water samples collected for this study were analyzed for temperature, pH, and dissolved trace metal content (As, Cd, Co, Cu, Ni, U, Zn); further analysis of the same water samples is presented elsewhere (Thomas, 2002) . Temperature and pH were measured in the field (Thomas, 2002) . Influent, effluent, and swamper samples for dissolved trace-metal analysis were filtered (0.45 µm), while peeper samples did not require filtering due to the 10 nm pore size of the dialysis membrane (Thomas, 2002) . All samples for dissolved trace-metal analysis were acid preserved (1% HNO 3 ) prior to analysis by inductively coupled plasma mass spectrometry (ICP-MS, Elan 6000, Perkin-Elmer Corporation, Norwalk, CT). Instrument precision was generally < 3% and accuracy was within 10% based on second source calibration checks with certified standards. Lower detection limits of the ICP-MS are listed in Table 2 for the individual elements analyzed in this study.
Substrate Sampling and Analysis
Substrate cores were extracted from two tanks (30A and 36A). In each tank, three areas, Cores were extruded in an anaerobic glove bag and sectioned lengthwise (Thomas, 2002) .
Cores were divided according to the three reaction zones based on color and texture (see, Fig. 1 ).
Material from each zone was sealed separately in an air-tight polyethylene bottle under nitrogen, and frozen for later analysis. At a later date, samples were thawed under nitrogen and physically homogenized. A subsample of each reaction zone was chemically analyzed using total dissolution techniques (described below).
Samples of the initial substrate were also collected as the tanks were initially filled with LBOS in the fall of 1998. Each sample was air-dried, homogenized, and stored for later analysis.
All samples of the initial LOBS were treated according to the methodologies outlined below for the core samples to provide baseline data on the solid phase.
Total Metal Digests. Five to ten gram splits of each reaction zone from each core were weighed, removed from the nitrogen atmosphere, and air-dried for several days. The air-dried samples were then re-weighed to obtain a gravimetric water content. The dried samples were ground to a fine powder with a cryogenic grinder for total metal analysis. Eight samples of the initial substrate were also cryogenically ground. Approximately 0.5 g of each powdered sample was digested with 10mL of 50% trace-metal grade HNO 3 plus a few drops of 30% H 2 O 2 at 105°C using a block digester according to EPA method 3050B for the acid digestion of sediments, sludges, and soils. Method 3050B is an "environmental digest" and does not completely solubilize refractory material such silicates and resistant organic matter. Therefore, small amounts of detritus (i.e., quartz) and clear organic fragments remained after the digest.
The digest was diluted to a final volume of 50 mL with deionized water and then filtered (0.45 µm) before analysis by inductively coupled plasma optical emission spectrometry (ICP-OES, Elan 4300DV, Perkin-Elmer Corporation, Norwalk, CT). Using the gravimetric water content of each sample, the ICP-OES data was back-calculated such that all of the total digest data is given relative to the dry weight of the sample.
The ICP-OES methodology and quality control procedures employed were based on the EPA method 6010 (SW 846). The ICP-OES calculated precision internally by collecting triplicate readings for each sample. The internal relative standard deviation (i.e., instrument precision) of these readings was usually < 2%. Similar to the ICP-MS procedure, samples were calibrated to certified standards as described above. In an effort to gauge sample heterogeneity and reproducibility (i.e., overall precision), several replicate, 0.5-g powdered samples were digested and analyzed; results were within 20% of each other.
Results and Discussion
Influent -effluent water chemistry.
Influent and effluent chemistry are reported in Table 2 . Effluent samples from the tanks indicated that the LBOS was highly effective at removing trace contaminants from low pH, ferric iron-dominated ARD over the two years of the study. In general, for all trace elements, the highest and lowest effluent values recorded for individual tanks were directly related to the fluctuations in influent concentration, so that the highest effluent concentrations occurred concurrent with the highest influent concentrations. To minimize the effect of fluctuations in influent trace element concentration over time, reductions in the trace element concentration were calculated as the percentage of trace element removed (avg. effluent/avg. influent).
The greatest reduction in effluent occurred with copper and cobalt with >99% average removal of both trace metals in all eight tanks. Ninety-nine percent of the influent nickel and 98% of the influent chromium were also removed on average in all eight tanks without significant variation among the tanks. Cadmium removal was consistently below the detection limit of the ICP-MS in all eight tanks. There was slight variation in the range of average uranium and zinc removed among tanks with 97% to >99% uranium and 96 to 98% zinc removed. Finally, arsenic exhibited a 10% range in average removal between tanks with a minimum of 88% and a maximum of 98% for a single tank. Pore water -swampers and peepers.
The pore water data collected with both the swamper and peeper samplers are presented in
Figs. 3, 4, and 6 -11. In addition to pore water data, the influent ARD, sampled at the distribution manifold, and the effluent, sampled at the standpipe, are also plotted. For the swamper data, two influent and two effluent samples are shown. The influent samples were collected from the manifold eight days prior to and one day before sampling, while the effluent samples were collected, one from each tank, the day before sampling. For the peeper data, there are three influent and three effluent samples shown. Influent and effluent samples were collected the day before the peeper was installed, one week later, and after two weeks concurrent with removal of the peeper sampler.
With the exception of Uranium, the bulk of trace metal removal occurred in the oxide and transitional zones. Details for individual trace elements are presented below.
Total Digest Data
Total digest data are presented in Fig. 4 and Figs. 6 -11 for core samples from each reaction zone and the initial LBOS. To provide baseline data, total trace element concentrations of the initial LBOS were determined (Figs. 4, 6 -11; Table 1 ). Based on the trace element content of the limestone screenings and the known mixing ratio of organic matter to limestone (52.9%
CaCO 3 ), the trace element contribution from the limestone was determined (Table 1) . The trace element content of the organic matter component was determined by subtracting the limestone contribution from the total (Table 1) .
Trends in pH and Individual Trace Elements pH. Swamper and peeper pore water data (Fig. 3) indicated that the oxide zone (0 -10 cm deep) yielded a range of pH values that increased with depth from pH 2.3 (2.5 cm) to 3.8 (7.5 cm).
The pH continued to increase through the transitional zone (pH 4.6 at 12.5 cm). The 15 and 23 cm swamper sampling depths and the lower two peeper well horizons (17.5 and 22.5 cm), provided 14 samples of the sulfide zone with a fairly narrow pH range (6.8 -7.6) for all samples.
Both pore water analysis techniques indicated that the pH in the sulfide zone was higher than the final effluent values. of the arsenic measured at the ARD source (92 µg·L -1 ) was removed at influent pH levels (i.e., 2.2 -2.4) either in the piping system delivering the ARD to the tank or in the water column overlying the ARD. Total digest data showed that the majority of the arsenic sequestered in the LBOS was retained in the oxide zone (Fig. 4) . Arsenic concentrations in oxide zone solids increased an order of magnitude (21 mg·kg -1 ) during the first eighteen months of the project with continued increase over the next six months (35 mg·kg -1 ). Thomas (2002) demonstrated that iron oxyhydroxide precipitation occurred around the tank inlet ( Fig. 5 ) and within the ARD water column. Because arsenic tends to form oxyanions (e.g., arsenate), which strongly adsorb to iron hydroxy-minerals at low pH (Dzombak and Morel, 1990; McBride, 1994) , removal of arsenic was most likely facilitated by the low pH of the ARD water column through adsorption to iron oxyhydroxides.
Given that most of the dissolved arsenic was removed at influent pH through adsorption to iron oxyhydroxides, remobilization was not expected as the pH of the substrate dropped over time. Pore water, which did not show any increase above influent concentrations, and total digest data, which did not show any migration of arsenic deeper in the substrate, support this conclusion (Fig. 4) . In fact, because arsenic removal through adsorption to iron oxyhydroxides was favored by low pH, decreases in the LBOS pH over time should promote further arsenic removal and prevent any significant mobilization of arsenic. Chromium. Swamper and peeper samples of the oxide zone exhibited a range of chromium values that was somewhat pH dependent (Fig. 6 ). Pore water from the upper oxide zone (pH 2.3), collected at 2.5 cm with the peeper, contained dissolved chromium (208 µg·L -1 ) that was higher than the influent concentration, suggesting that chromium previously precipitated at a higher pH was dissolved from the LBOS as the pH approached influent levels. Swamper samples indicated that dissolved chromium in the oxide zone at 6 cm was similar to influent concentrations when the pH was between 2.8 and 3.3. Peeper pore water samples collected from the second well horizon (7.5 cm) indicated minor chromium retention in the bottom of the oxide zone at pH 3.8 (i.e., 22% of the influent concentration), where pH approximated the pH 50 for chromium (III) adsorption to iron oxyhydroxide (i.e., between 3.5 and 4.5; Dzombak and Morel, 1990 ).
Total digests of June 2000 core samples from the oxide zone showed that chromium concentrations increased an order of magnitude (80 mg·kg -1 average) compared to the initial LBOS and accounted for most of the chromium removed during the first eighteen months of the project (Fig. 6) ; solid phase chromium continued to increase over the next six months (94 mg·kg Peeper pore water data also showed that additional chromium removal occurred in the transitional zone (12.5 cm) between pH 3.8 and 4.6. Although pore water data indicated significant chromium precipitation in the transitional zone (pH 3.8 -4.6), only two thirds of the cores extracted in June 2000 showed significant (greater than a four-fold) increase in total chromium relative to the initial substrate, suggesting chromium precipitation in the transitional zone was recent. November 2000 digests showed that chromium accumulation within the transitional zone continued over time. At pH > 4, chromium may precipitate as insoluble Cr(OH) 3 ; however below pH 4, Cr(OH) 3 is highly soluble (Sass, 1987) . Therefore, it is likely that chromium was precipitated in the transitional zone as Cr 3+ sorbed to aluminum hydroxysulfate or Cr(OH) 3 precipitated on LBOS surfaces.
The majority of swamper and peeper pore water samples from the sulfide zone (>15 cm) indicated that >96% of the dissolved chromium measured in the ARD water column was removed at pH < 6.8, which is similar to that removed when ratioing the final effluent concentration with the influent concentration ( Table 2) . As an exception, chromium in the lower most peeper well horizon was ~91 µg·L -1 at pH 7.4. Therefore, chromium was removed from the pore water prior to reaching the sulfide zone. This is supported by total digest data, which
shows that the chromium concentration in the sulfide zone was only slightly higher than the initial substrate and there was little change in the sulfide zone chromium concentration over time. Copper. Of the transitional elements studied, copper has the highest affinity for organic matter (Stumm and Morgan, 1981; McBride, 1994; Sobolewski, 1999; Walton-Day, 1999) . Moreover, organically complexed copper is typically bound more tightly than any other divalent transitional metal (McBride, 1994; Sobolewski, 1999) . In studies of wetland sediments removing copper, Sobolewski (1999) noted that this strong affinity required harsh chemical treatment for total copper extraction suggesting it was bound to recalcitrant rather than labile organic compounds.
The range in dissolved copper concentrations obtained from the oxide zone was largely pH dependent (Fig. 7) . Peeper data showed there was no significant change in the pore water copper concentration in the upper oxide zone (2.5 cm; pH 2.3) compared with the overlying ARD water column (pH 2.2). In contrast, dissolved copper concentrations in swamper samples (6 cm) nearly doubled relative to the influent levels between pH 2.8 -3.3 with a maximum concentration of 1291 µg·L -1 obtained at pH 2.9. This suggested that copper, previously precipitated in the oxide zone at higher pH, was resolubilized as the pH dropped below 3.3. The lack of above-influent-copper concentrations at 2.5 cm may be due to the fact that all of the mobile copper previously precipitated had been removed by the time the pH dropped to 2.3.
Although previously precipitated copper was dissolved from the upper oxide zone, peeper data from the bottom of the oxide zone (7.5 cm) showed most of the dissolved copper was reprecipitated between pH 3.3 and 3.8 with >90% copper removal from the pore water relative to the influent. Although pore water data indicated copper was being remobilized from the upper oxide zone after eighteen months, copper in digests of June 2000 core samples from the oxide zone increased approximately two orders of magnitude in concentration (305 mg·kg -1 average) compared to the initial substrate (Fig. 7) . As a consequence of this recycling of copper within the oxide zone, digest data do not exhibit any discernible temporal changes in total copper over time and therefore give no indication as to the magnitude of copper mobility below pH 3.3. In fact, total digests of core material sampled in November 2000 indicated a slightly higher average copper concentration in the oxide zone (338 mg·kg -1 ) compared to June 2000 cores.
While the bulk of copper was removed in the oxide zone, according to peeper data (Fig. 7) , Uranium. Total digests showed that the LBOS originally contained a significant amount of uranium (23 mg·Kg -1 ) that was largely associated with the organic component ( Table 1) (Fig. 8) .
Total digests suggested that uranium was solubilized from the transitional zone over time based on the significant decrease in uranium between June (36 mg·kg -1 ) and November (9 mg·kg -1 ) 2000 sampling events. Unfortunately, pore water data were not available for the transitional zone. Dissolved uranium concentrations from the upper 25 cm of the LBOS. The vertical axes are sampling depth; negative values indicate samples were collected from the ARD water column overlying the substrate or the influent. In addition to the individual sampling points from the two tanks (dark blue circles and squares), an overall swamper average is given (dark blue line). Influent ARD from the manifold (sky blue) and the tank effluent samples (light blue and lavender) were collected immediately prior to swamper sampling (see text for details). (B) Total uranium analysis of LBOS. Data are divided by reaction zone (oxide, transitional, and sulfide), date of collection (blue and orange), and finally by tank (30A or 36A). The lines connect average values for each zone. Eight replicates of the initial substrate are provided (green triangles).
Swamper samples from the sulfide zone (15 and 23 cm) indicated that uranium was completely removed from the pore water by pH 6.8 (Fig. 8) The depletion of uranium from the oxide and transitional zones and apparent accumulation in the sulfide zone is analogous to the formation of uranium roll front deposits (Nash et al., 1981; Langmuir, 1997) . The formation of roll fronts can be summarized as follows: trace amounts of uranium are leached from reduced sediments (e.g., LBOS organic material), by oxidized water (e.g., ferric-iron dominated influent ARD). Uranium is transported as the uranyl ion (UO 2 2+ ) under oxidizing and mildly acidic conditions. When the uranyl-bearing water encounters a redox interface, such as the boundary between the transitional zone and the sulfide zone (based on the presence/absence of active sulfide precipitation, i.e., Thomas, 2002) , U(VI) is reduced to U(IV) and precipitated as a solid such as pitchblende [UO 2(am) ] (Langmuir, 1997) .
Reduction is typically accomplished by reaction with organic carbon, S 2-, or solid sulfides (Nash et al., 1981) .
Uranium accumulation in the sulfide zone was apparently slow based on the small average increase relative to the initial substrate and the lack of a measurable difference between cores collected in June and November 2000. The slow accumulation was likely due to the low level of dissolved uranium measured in the influent (22 µg·L -1 maximum) and the relatively small amount that resided in the initial LBOS.
In the LBOS, pore water data suggested that uranium mobility was related to pH changes in the oxide zone. However, development of the oxide zone resulted from the ingress of fairly oxidizing ARD (i.e., ferric iron-dominated). Therefore, uranium inherited from the initial substrate was oxidatively leached from the oxide zone and, based on total digest data, from the transitional zone over time. This solubilized uranium, coupled with influent-ARD uranium, was then precipitated, initially in the transitional zone. However, as oxidizing fluids penetrated into the transitional zone, uranium was again mobilized and ultimately accumulated in the sulfide zone. Hence, no uranium retention is expected in the oxide and transitional zones; all of the uranium is predicted to migrate in advance of the limestone dissolution front (i.e., in the sulfide zone) and may accumulate over time. A large spike of dissolved uranium in the effluent would be the first indication that the transitional zone (i.e., limestone dissolution front) is about to break through the LBOS.
Cadmium. Swamper and peeper pore water data displayed different cadmium profiles (Fig. 9 ).
On average, the swamper data showed that the oxide zone (6 cm) cadmium concentrations increased four-fold (39 µg·L -1 ). Increases were pH-dependent with average increases between pH 2.8 -3.0 (i.e. 33 -37 µg·L -1 ) and a maximum increase (51 µg·L -1 ) at pH of 3.3. The increases in cadmium concentrations above influent levels at pH <3.3 indicated that previously precipitated cadmium was dissolved from the upper oxide zone, but precipitated above pH 3.3 in the lower oxide and/or transitional zones (Fig. 9 ).
In contrast, the peeper data showed there was no significant change in the pore water cadmium concentration in the upper oxide zone (at pH 2.3) compared with the overlying ARD water column (pH 2.2) and therefore apparently exhibited no dissolution of previously precipitated cadmium solids in the upper oxide zone (Fig. 9) . Moreover, peeper data showed >50% removal of water column cadmium by pH 3.8 (bottom of the oxide zone) and complete removal by the transitional zone (pH 4.6). However, the validity of the peeper data is questionable due to the lack of cadmium in the influent during the week prior to and the first week of peeper equilibration; the influent cadmium concentration was below the detection limit the week prior to and during the first week of peeper equilibration, while it increased to ~9 µg·L In fact, the entire dissolved cadmium profile measured with the peeper may only represent solubilization of previously precipitated cadmium. Consequently, relative to the peeper influent concentration measured at the end of equilibration, the pore water profile may be shifted to lower concentrations due to the lack of influent cadmium. Thus, a pH range more precise than the 3.3 -6.5 range for the bulk of cadmium precipitation cannot be ascertained. It is noteworthy that: 1) the average influent cadmium concentration was the lowest of the trace elements studied, 2) it was one of only three trace elements (arsenic, cadmium, and uranium) in the influent ARD recorded below detection over the course of this study, and 3) it was the only trace element studied that was below detection during either pore water sampling events.
The majority of cadmium removed in the LBOS for the first 18 months of the project (June 2000 cores) occurred in the oxide zone (Fig. 9) ; cadmium concentrations exhibited a one and a half order of magnitude increase (22 -56 mg·kg -1 range) compared to the initial LBOS (40 mg·kg -1 average). However, totals from the November 2000 cores suggested that cadmium concentration in the oxide zone did not change significantly during the six months between core sampling events (Fig. 9) . Cadmium removal in the oxide zone was likely due to coprecipitated with amorphous and/or crystalline iron oxyhydroxides or complexed with labile organic matter (see Thomas, 2002 for details).
Although pore water data suggested solubilization of cadmium from the upper oxide zone (>6 cm; Fig. 9 ), core data also showed the highest cadmium concentration of three zones investigated. One possible explanation for the positive correlation between pore water and solids is that cadmium dissolved from the upper oxide zone at pH <3.3 was reprecipitated in the lower oxide zone at a slightly higher pH (3.8) and therefore cadmium was recycled internally within this zone. Alternatively, the amount of variability in oxide zone cadmium totals between cores (June and November 2000) may mask any changes over time. The variability in the total cadmium concentration was most likely attributable to the frequent paucity in influent dissolved cadmium over the course of the project, as the measured concentration was commonly below the ICP-MS lower detection limit (Table 2) . Therefore, it can not be determined if the apparent equality in oxide zone cadmium between June and November 2000 was due to internal recycling of cadmium within the oxide zone or if the decreases were so subtle that they were masked by the variability.
Total digests of the June 2000 samples from the transitional zone, which showed only minor accumulations of cadmium (2.7 mg·kg -1 average, 1.0 -5.7 mg·kg -1 range; Fig. 9 ) compared to the initial LBOS, further suggest that cadmium precipitation was focused in the oxide zone during the first eighteen months of the project. In contrast, while pore water data could not distinguish between precipitation in the lower oxide or transitional zone, total digests of November 2000 samples, which displayed significant cadmium precipitation, indicated the majority of cadmium precipitation occurred in the transitional zone during the last six months of the project. This can be attributed to cadmium weakly adsorbed to iron oxyhydroxides found in minor abundance or, more likely, adsorption/coprecipitation with the ubiquitous aluminum hydroxysulfates and/or iron (mono)sulfides. previously precipitated in the oxide zone must have been dissolved and relocated in the transitional zone. As with almost all trace elements studied, pore water data showed that cobalt, nickel, and zinc were largely removed above the limestone dissolution front, prior to the sulfide zone (Figs. 10 -12) . Therefore, total digests of the sulfide zone core samples showed only minor increases in total cobalt, nickel, or zinc with little change over time. Cobalt, nickel, and zinc coprecipitation with acid volatile sulfide and pyrite has been previously documented (Huerta- Diaz et al., 1993; McBride, 1994; Huerta-Diaz et al., 1998 ) and, albeit rare, cobalt-, nickel-, and zinc-bearing sulfides were identified during electron microprobe analysis (see Thomas, 2002) .
CONCLUSIONS
Few studies of passive treatment systems have addressed trace element removal during acid neutralization, although elevated levels of some trace elements are commonly encountered in coal-related ARD (e.g., As, Cd, Co, Cr, Cu, Ni, Zn; (Hyman and Watzlaf, 1995) . Results from this study show that, for the practical purpose of implementing LBOS to treat low pH, ferric iron-dominated ARD, high trace element removal efficiency can be expected as long as the limestone dissolution front does not pass completely through the substrate. With the exception of uranium, trace metal attenuation largely occurs above the limestone dissolution front in the transitional and oxide zones.
Trace metal removal exhibits a strong dependence on pH. Only arsenic is retained at influent pH values. All other trace elements require an increase in pH to at least 3.3 before they are sequestered. Therefore, trace element removal is confined to either the lower oxide zone concomitant with ferric iron precipitation (pH 3.3 -3.8; Thomas, 2002) or the transitional zone concurrent with aluminum hydroxysulfate precipitation (pH 3.8 -4.6; Thomas, 2002) . Based largely on pH considerations, the trace metal removal selectivity within the LBOS follows the sequence:
As > Cu > Cr > Co = Ni = Zn = Cd > U.
Given the pH constraints, only a portion of the dissolved copper and chromium are actively sequestered in the lower oxide zone, while the remaining copper and chromium, cadmium, cobalt, nickel, and zinc are sequestered in the transitional zone. Uranium, which is more dependent on the redox conditions of the LBOS than the pore water pH, is not removed from the pore water until the sulfide zone. Because the location of the transitional zone within the LBOS is dynamic depending on the depth of the limestone dissolution front, the site of active trace element sequestration (i.e., pH > 3.3) is constantly migrating deeper into the LBOS over time.
Thus, if the LBOS is implemented to the point where the limestone dissolution front is permitted to pass completely through the substrate and the neutralization potential is completely consumed, then trace elements (except arsenic) can no longer be sequestered and will pass through the substrate.
However, of greater concern is the fate of trace elements precipitated behind the limestone dissolution front after all of the neutralization potential has been consumed. Results from this study show that all trace elements sequestered at pH > 3.3 are subject to remobilization as the pH decreases over time, although the degree of mobilization is trace element-dependent. These remobilized trace elements coupled with influent concentrations may accumulate in solution at the pH-dependent point of maximum mobility. If the LBOS continues to receive ARD after the limestone dissolution front passes completely through the substrate, dissolved trace elements (with the exception of arsenic) will be released in the effluent as the pH drops to influent levels and at concentrations potentially orders of magnitude higher than the influent concentration.
Based on the pH of solubilization and the amount of total trace element solubilized, the following general order of trace element mobility can be applied to the LBOS: U > Co = Zn ≥ Cd = Ni > Cu > Cr > As
